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A-site  Ba-deficient  PrBai_xCo205+(5  (PBi_xCO,  x  =  0-0.08)  oxides  are  synthesized  and  evaluated  as  cathode 
materials  for  intermediate  temperature  solid  oxide  fuel  cells  (IT-SOFCs)  with  respect  to  crystal  structure, 
chemical  stability,  thermal  expansion  behavior,  electrical  conduction  and  electrochemical  performance. 
PBi_xCO  with  Ba-deficiency  x=  0-0.08  has  an  orthorhombic  structure,  which  shows  lattice  shrinkage 
with  bigger  x;  higher  Ba-deficiency  x  =  0.1  causes  formation  of  impurity  phases.  The  PBi_xCO  oxides  are 
chemically  stable  with  Gdo.1Ceo.9O1.95  (GDC)  electrolyte  at  1050°C  in  air.  Thermal  expansion  coefficient 
of  PBi_xCO  decreases  slightly  with  higher  Ba-deficiency.  Electrical  conductivity  of  PBi_xCO  exhibits  an 
initial  decrease  with  higher  Ba  deficiency  to  x  =  0.03  and  then  increases  gradually  to  a  maximum  at  x  =  0.08. 
Introduction  of  Ba  deficiency  greatly  improves  electrochemical  performance  of  PBi_xCO,  characterized  by 
decreased  area  specific  resistances  (ASRs)  with  higher  Ba  deficiency.  The  ASR  values  as  low  as  0.1 1 5  Q  cm2 
and  0.093  Q  cm2  have  been  obtained  at  600  °C  in  air  for  PBi_xCO  withx  =  0.05  and  0.08  respectively.  These 
results  have  demonstrated  that  the  Ba-deficient  PBi_xCO  {x  =  0.03-0.08)  oxides  are  promising  cathode 
materials  for  IT-SOFCs. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  considered  as  promising  energy 
conversion  devices  owing  to  their  high  working  efficiency,  low 
emissions  and  excellent  fuel  flexibility  [1-3].  For  the  commercial¬ 
ization  of  SOFCs,  one  strategy  being  pursued  for  meeting  the  goals 
of  cost  reduction  and  enhanced  durability  is  lowering  the  operating 
temperature  to  the  intermediate  temperature  range  of  600-800  °C 
[3-5].  The  decrease  in  operating  temperature,  however,  increases 
the  cells’  overpotential,  and  the  main  contributor  to  this  increase  is 
the  cathode  because  of  high  activation  energy  of  oxygen  reduction 
reaction  (ORR)  [2,4].  Development  of  new  cathode  materials  with 
high  catalytic  activity  for  ORR  and  low  polarization  resistances  is 
therefore  critical  for  intermediate  temperature  solid  oxide  fuel  cells 
(IT-SOFCs). 

In  recent  years,  mixed  ionic  and  electronic  conducting  (MIEC) 
LnBaCo205+5  (LnBCO,  Ln  =  Lanthanide)  oxides  with  double-layered 
perovskite  structures  have  received  increasing  attention  [4-17]. 
These  LnBCO  oxides  have  112-type  perovskite  structures  with 
alternating  stacking  layers  of  [Co02]-[Ln05]-[Co02]-[BaO]  along 
the  c-axis  and  oxygen  vacancies  preferably  located  in  the  Ln05  layer 
due  to  different  radius  of  Ln3+  and  Ba2+  ions  and  different  Ba— O  and 
Ln— O  bond  strength  [4,6,7].  This  A-site  cation  ordered  perovskite 
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structure  was  recognized  to  be  able  to  greatly  enhance  the  oxygen 
transport  kinetics  [8-10],  the  key  factor  that  determines  polariza¬ 
tion  resistance  of  the  cathode  [2],  which  then  opens  the  possibility 
for  developing  a  new  class  of  materials  suitable  for  SOFC  cathodes. 

Among  the  various  LnBCO  oxides,  PrBaCo205+(5  (PBCO)  has 
been  demonstrated  to  show  the  lowest  area  specific  polariza¬ 
tion  resistances  based  on  different  electrolyte  materials  [5,11,13] 
due  to  its  fast  oxygen-ion  diffusion  and  surface  exchange  kinet¬ 
ics  [5,9-11].  The  oxygen  reduction  mechanism  of  PBCO  on 
Sm0.2Ce0.8Oi.9  (SDC)  electrolyte  was  investigated  by  electrochem¬ 
ical  impedance  spectroscopy  [15].  In  order  to  further  improve 
electrochemical  performance  of  PBCO  and  decrease  its  ther¬ 
mal  expansion  coefficient  (TEC),  composition  cathodes  such  as 
PBCO-GDC  [9]  and  PBCO-SDC  [5]  as  well  as  A-site  or  B-site 
cationic  doping  for  PBCO  [18-21]  were  studied.  On  the  other 
hand,  some  researchers  have  found  that  A-site  cationic  deficiency 
introduced  into  the  lattice  structure  of  perovskite  oxides  signifi¬ 
cantly  affects  the  physical  and  chemical  properties  of  materials. 
Kostogloudis  and  Ftikos  [22]  and  Zhou  et  al.  [23]  observed  a 
gradual  reduction  in  electrical  conductivity  and  TEC  with  the 
increasing  A-site  cationic  deficiency  in  La0.6Sro.4_xCoo.2Fco.803_5 
(x  =  0.0-0.2)  and  (Bao.5Sro.5)i-xCoo.8Feo.203_5  (x>0)  respectively. 
Ge  et  al.  [24]  suggested  that  the  reduced  electronic  conductivity 
could  be  attributed  to  the  creation  of  additional  oxygen  vacancies, 
which  was  found  to  promote  the  process  of  oxygen  ionic  diffusion. 
Very  recently,  significantly  improved  electrochemical  performance 
has  been  obtained  for  cationic  deficient  Bai_xCo0.7Fe0.2Nb0.iO3_5 
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(x  =  0.00-0.1 5)  oxides  [26,27].  However,  no  work  has  been  reported 
for  cation-deficient  PBCO  oxide  with  respect  to  its  performance  as 
cathode  material  of  SOFC. 

In  the  present  study,  A-site  Ba-deficient  PrBai_xCo205+($ 
(PB!_xCO,  x  =  0.00-0.08)  oxides  were  synthesized  and  evaluated 
as  cathode  materials  for  IT-SOFCs.  The  effects  of  Ba  deficiency 
on  crystal  structure,  chemical  stability  with  electrolyte  materials, 
TEC,  electrical  conductivity,  as  well  as  electrochemical  performance 
were  studied.  The  experimental  results  have  demonstrated  that  the 
A-site  Ba-deficient  PB^CO  oxides  are  promising  cathode  materials 
for  IT-SOFCs. 

2.  Experimental 

2.1.  Sample  preparation 

Double  layered  perovskite  oxides  PB^CO  with  Ba-deficiency 
x  =  0,  0.03,  0.05,  0.08  and  0.1  were  synthesized  by  a  combined 
EDTA-citrate  complexing  sol-gel  method.  Briefly,  Pr(N03)3-6H20 
(AR),  Ba(N03)2  (AR)  and  Co(N03)3-6H20  (AR)  at  stoichiometric 
proportions  of  PrBi_xCO  (x  =  0.00-0.10)  were  firstly  dissolved  into 
EDTA-NH3  H20  solution  (pH  «  6)  to  form  an  aqueous  solution,  and 
then  acid-NH3  H20  solution  (pH^6)  was  added  at  a  mole  ratio 
of  1:1:2  for  EDTA:total  metal  ions:citric  acid.  The  mixed  solution 
was  heated  at  80  °C  and  150°C  in  sequence  to  obtain  a  dark  dry 
foam  structure.  The  precursor  was  decomposed  on  a  hot  plate, 
followed  by  calcination  at  1 050  °C  for  1 2  h  in  air  to  yield  the  desired 
powders.  The  as-synthesized  PBi_xCO  powders  were  mixed  with 
Ceo.9Gdo.1O1. 95  (GDC)  electrolyte  in  a  50/50  weight  ratio  followed 
by  calcination  at  1050°C  for  4h  in  air  for  study  of  their  chemical 
compatibility. 

2.2.  Characterization 

Phase  structures  of  the  as-synthesized  PBi_xCO  powders  and 
the  calcined  PBi_xCO-GDC  mixed  powders  were  characterized  by 
X-ray  diffraction  measurement  (XRD,  Rigaku  D/Max  2400).  The 
XRD  patterns  were  collected  at  room  temperature  with  step  size 
of  0.02°  in  20  over  the  scanning  angular  range  of  20°-80°.  Ther¬ 
mal  expansion  data  of  PBi_xCO  were  collected  with  a  dilatometer 
(Netzsch  DIL  402PC)  in  the  temperature  range  of  30-900  °C  in  air 
with  a  heating  rate  of  5°Cmin-1.  The  electrical  conductivities  of 
PBi_xCO  (x  =  0.00-0.08)  were  measured  at  various  temperatures  in 
air  by  a  DC  four-electrode  method  using  Au  paste  as  electrodes. 
Symmetrical  cells  with  the  configuration  of  PBi_xCO/GDC/PBi_xCO 
were  applied  for  electrochemical  impedance  study.  Dense  GDC  pel¬ 
lets  with  a  diameter  of  ~10mm  and  thickness  of  ~1  mm  were 
obtained  by  pressing  followed  by  calcination  at  1350  °C  for  7h  in 
air.  The  PBi_xCO  ink  (prepared  by  mixing  the  cathode  powders 
with  a-terpineol  and  ethyl  cellulose)  was  then  screen-printed  onto 
both  sides  of  the  GDC  pellet,  which  was  calcined  at  1050°C  for 
2  h  in  air.  The  obtained  symmetrical  cell  was  spring-loaded  onto 
a  home-made  sample  holder.  Fine  (100-mesh)  gold  gauzes  were 
slightly  pressed  on  both  sides  of  the  cell  as  current  collectors.  The 
impedance  measurements  were  conducted  using  a  Solartron  1260 
Frequency  Response  Analyzer  combined  with  a  Solartron  1287 
potentiostat  under  open  circuit  voltage  (OCV)  condition  in  the  fre¬ 
quency  range  of  10-1-105  Hz,  and  at  temperatures  of  600-800  °C 
in  air  with  intervals  of  50  °C. 

3.  Results  and  discussion 

3.1.  Phase  structure  and  chemical  stability 

Fig.  1  presents  XRD  patterns  of  the  PBi  _xCO  (x  =  0.00-0.1 0)  pow¬ 
ders  after  fired  at  1050°C  for  12  h  in  air.  It  is  observed  that  pure 


a 


3* 

>> 


m 

c 

0) 

*-» 

c 


0) 

> 


iS 

a> 


X 

II 

0 

0 

L_(ioo) 

f7°02) 

(110) 

cnT 

O 

v 

CN 

T" 

V 

IIlMJ 

*-c°3o4 

S'  __  E~ 

L3SSI 

x=0.03J 

d _ ^ 

x=0.05j, 

1  d  ...  a  a 

x=0.08j 

L 

Ju _ ^ 

4 _ ^ 

x=0.10  |, 

l. — * — .  L - ll _ ak _ li . . J*A — _ A-a 

i - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - r 


10  20  30  40  50  60  70  80 


20  (°> 


Fig.  1.  The  whole  (a)  and  magnified  (b)  XRD  patterns  of  PBi_xCO  (x  =  0.00-0.10) 
oxides  calcined  at  1050  °C  for  12  h  in  air. 


phases  with  an  orthorhombic  perovskite  structure  were  obtained 
for  the  PB!_xCO  oxides  with  Ba-deficiency  x  =  0.00-0.08,  while 
impurity  of  Co304  was  found  for  the  sample  with  x  =  0.1.  This 
suggests  that  the  A-site  Ba-deficiency  fraction  (x)  was  limited  to 
approximately  0.08  for  PBi_xCO  oxide.  As  depicted  in  Fig.  lb,  the 
(112)  diffraction  peak  gradually  shifts  to  higher  20  angle  with 
the  increasing  Ba-deficiency,  indicating  a  shrinkage  in  the  per¬ 
ovskite  lattice.  Additionally,  the  (2  0  0)  diffraction  peaks  shifts 
likewise  while  the  (0  0  4)  peaks  remains  almost  unchanged  in  posi¬ 
tion,  which  demonstrates  that  the  structural  shrinkage  in  PBi_xCO 
caused  by  Ba-deficiency  is  mainly  along  a  and/or  b  directions. 

Chemical  compatibility  between  component  materials  is  nec¬ 
essary  for  long-term  stability  of  SOFCs.  The  chemical  reactivity  of 
PB!_xCO  (x  =  0.00-0.08)  with  GDC  electrolyte  was  studied  by  firing 
the  PBt_xCO-GDC  mixed  powders  (in  1:1  weight  ratio)  at  1050°C 
for  4  h  in  air.  The  XRD  results  of  the  calcined  mixed  powders  (Fig.  2) 
show  that  no  additional  phase  was  formed  and  no  obvious  XRD 
peak  shift  could  be  observed  for  each  sample.  Thus  the  Ba-deficient 
PB!_xCO  (x  =  0.00-0.08)  oxides  are  chemically  stable  cathode  mate¬ 
rials  for  SOFCs  using  GDC  as  electrolyte. 

3.2.  Thermal  expansion  behavior 

Thermal  expansion  curves  of  the  PB^CO  (x  =  0.00-0.08)  sam¬ 
ples  measured  in  air  are  presented  in  Fig.  3.  The  calculated  thermal 
expansion  coefficients  (TECs)  in  three  different  temperature  ranges 
are  listed  in  Table  1.  The  results  show  that  the  TEC  of  PBi_xCO 
is  highly  dependent  upon  the  selected  temperature  range  while 
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in  air. 


slightly  upon  the  A-site  Ba-dehciency.  The  apparent  thermal  expan¬ 
sion  behavior  for  the  mixed  conducting  perovskite  oxides  can  be 
ascribed  to  crystal  expansion  from  anharmonic  atomic  vibrations 
dependent  on  the  electrostatic  attraction  forces  within  the  lattice, 
and  to  chemical  expansion  induced  by  both  the  cobalt  ion  spin 
transition  and  reduction  of  cobalt  ions  to  lower  oxidation  states 
[23,27].  As  evidenced  in  PrBaCo205+5  [9],  the  inflections  of  the  ther¬ 
mal  expansion  curves  of  PBi_xCO  oxides  at  around  300 °C  (Fig.  2) 
were  associated  with  reduction  of  Co4+  to  Co3+  ions  caused  by 
thermal-driven  releasing  of  lattice  oxygen.  This  chemical  expan¬ 
sion  contributes  to  the  higher  TEC  values  for  the  temperature 
range  of  300-900  °C  than  for  the  temperature  range  below  300  °C 
(Table  1).  On  the  other  hand,  higher  Ba-deficiency  led  to  a  slight 
decrease  in  TEC  for  the  PB^CO  oxides.  Increased  electrostatic 
attraction  resulting  from  shrinkage  of  the  perovskite  structure 
(Fig.  1 )  may  be  responsible  for  this  phenomenon  [23,27].  The  small¬ 
est  TEC  value  is  22.8  x  10-6oC-1  at  30-900 °C  for  PBi_xCO  with 


Table  1 

Thermal  expansion  coefficients  (TECs)  of  PBi_xCO  oxides  at  various  temperature 
ranges. 


X 

TECxlO-6  (“C"1) 

30-300 °C 

300-900 °C 

30-900 °C 

0.00 

16.7 

26.1 

23.4 

0.03 

17.0 

25.5 

23.0 

0.05 

16.6 

25.8 

23.0 

0.08 

16.3 

25.4 

22.8 

Temperature  (°C) 


Fig.  4.  Temperature-dependence  of  electrical  conductivity  of  PBi_xCO 
(x  =  0.00-0.08)  oxides  in  air. 

x  =  0.08,  which,  however,  is  still  much  larger  than  TEC  of  the  com¬ 
monly  used  intermediate  temperature  electrolytes  of  GDC  [28], 
Lao.9Sro.1Gao.8lVIgo.2O2.85  (LSGM)  [4]  and  Smo^Ceo.sOi.g  (SDC)  [29]. 
In  order  to  further  reduce  TEC  of  the  PB^CO  oxides  and  improve 
structural  compatibility  between  the  cathode  and  electrolyte  mate¬ 
rials,  future  work  will  be  focused  on  composite  cathode  or  partial 
substitution  of  B-site  Co  ions  with  more  stable  ions  such  as  Fe,  Cu, 
Mo  and  Nb  [20,21,27,30]. 

3.3.  Electrical  conductivity 

Fig.  4  presents  electrical  conductivity  of  PB^CO  (x  =  0.00-0.08) 
oxides  as  a  function  of  temperature  (200-800  °C)  in  air.  The 
conductivity  decreases  with  higher  temperature  demonstrating  a 
metal-like  behavior.  The  values  of  conductivity  in  the  measured 
temperature  range  are  above  130  S  cm-1  for  all  the  samples,  which 
meet  the  requirement  of  a  SOFC  cathode  material  regarding  the 
conductivity  (>100Scm-1)  [20].  Furthermore,  as  shown  in  the 
insert,  across  all  values  of  x  examined,  the  electrical  conductiv¬ 
ity  of  PB!_xCO  oxides  exhibits  an  initial  decrease  with  increasing 
Ba  deficiency  (from  x  =  0.00  to  x  =  0.03)  and  then  increases  grad¬ 
ually  to  a  maximum  at  x  =  0.08.  Different  trends  of  conductivity 
were  reported  in  other  A-site  cation  deficient  perovskite  oxides. 
Both  Zhou  et  al.  [23]  and  Kostogloudis  and  Ftikos  [22]  observed  a 
gradual  decrease  in  conductivity  with  higher  cationic  deficiency 
for  the  oxides  of  (Ba0.5Sro.5)i_xCoo.8Feo.203_5  (x  =  0-0.1 5)  and 
Lao.6Sr0.4_xCoo.2Feo.803_5  (x  =  0-0.2)  respectively.  They  ascribed 
such  conductive  behaviors  to  generation  of  additional  oxygen 
vacancies  with  increasing  A-site  cationic  deficiency,  which  could 
perturb  the  O-Co-O  periodic  potential,  result  in  carrier  localization 
and  thus  caused  decrease  in  conductivity  [5,23].  On  the  contrary, 
Yang  et  al.  [27]  found  a  gradual  increase  in  conductivity  with 
increasing  Ba  deficiency  in  Bai_xCoo.7Feo.2Nb0.i  03_^  (x  =  0.00-0.1 5) 
oxides,  and  deduced  that  oxidation  of  B-site  ions  to  a  higher  valence 
should  be  responsible  for  this  phenomenon.  Generally,  conductive 
behavior  in  the  cobalt-based  perovskite  oxides  (p-type  conduc¬ 
tors)  is  closely  related  to  concentration  of  the  tetravalent  cobalt 
ions  (Co4+),  which  are  charge  carriers  of  the  electrons,  and  gener¬ 
ation  of  oxygen  vacancies  (Vo##)  which  can  inhibit  the  electronic 
conduction.  According  to  defect  chemistry,  the  negative  charges 
introduced  by  Ba2+  substitution  for  Pr3+  at  A-sites  of  PBCO  are 
compensated  by  both  generation  of  oxygen  vacancy  and  oxida¬ 
tion  of  B-site  Co3+  ions  to  Co4+[31],  which  play  an  opposite  role 
for  the  electrical  conductivity.  The  additional  negative  charges 
introduced  by  A-site  Ba-deficiency,  2x  per  one  PBi_xCO  molecule, 
are  to  be  compensated  likewise.  If  compensation  for  the  negative 
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Fig.  5.  Electrochemical  impedance  spectra  and  area  specific  resistances  (ASRs)  of 
PB!_xCO  (x  =  0.00-0.08)  cathodes  at  (a)  600  °C  and  (b)  700  °C  in  air.  The  numbers  in 
these  plots  correspond  to  logarithm  of  frequency. 

charges  (2x)  is  dominated  by  generation  of  oxygen  vacancy,  the 
conductivity  will  decrease  with  higher  Ba-deficiency,  like  the  cases 
of  (Ba0.5Sro.5)i_xCoo.8Feo.203_5  [23]  and  Lao.6Sr0.4-xCoo.2Feo.803_5 
[22];  while  when  oxidation  of  cobalt  ions  dominates  the  charge 
compensation,  the  conductivity  will  increase  with  higher  Ba- 
deficiency,  like  the  Bai_xCo0.7Fe0.2Nb0.iO3_5  oxide  [27].  Therefore, 
the  conductivity  transition  of  PBt_xCO  at  Ba-deficiency  x  =  0.03  as 
shown  in  the  insert  of  Fig.  4  might  be  associated  with  a  change  in 
dominant  charge  compensation  mechanism. 

3.4.  Electrochemical  performance 

The  electrochemical  performance  of  PBi_xCO  (x  =  0.00-0.08) 
was  characterized  on  the  GDC  electrolyte  in  a  symmetrical  cell 
configuration  of  PB1_xCO/GDC/PB1_xCO.  Typical  impedance  spec¬ 
tra  are  given  in  Fig.  5.  The  ohmic  resistances  (intercepts  at  the 
high  frequency  with  the  real  axis)  arising  from  the  GDC  electrolyte 
and  lead  wires  were  normalized  to  zero  for  clarity.  The  area  spe¬ 
cific  resistances  ( ASR),  corresponding  to  the  difference  between  the 
intercepts  with  the  real  axis  at  high  and  low  frequency,  are  inserted 
in  Fig.  5  as  a  function  of  Ba  deficiency.  It  was  found  that  increase  of 
Ba  deficiency  resulted  in  a  significant  decrease  in  ASR  of  PBi_xCO. 
Typically,  the  ASR  value  at  600  °C  decreased  ~50%  when  the  Ba 
deficiency  increased  from  x  =  0.00  (ASR  =  0.181  £2 cm2)  to  x  =  0.08 
(ASR  =  0.093  £2  cm2).  These  results  demonstrated  that  introduction 
of  A-site  Ba-deficiency  effectively  improved  electrochemical  per¬ 
formance  of  PBCO.  A-site  cationic  deficiency  in  perovskite  oxides 
was  found  to  induce  the  preferential  formation  of  oxygen  vacan¬ 
cies  for  charge  compensation  [22,24].  As  reviewed  by  Adler  [2], 
high  concentration  of  oxygen  vacancy  promotes  the  processes  of 
oxygen  surface  exchange  as  well  as  oxygen  ionic  bulk  transport, 


Table  2 

Area  specific  resistances  (ASRs)  of  PBi_xCO  (x  =  0.00-0.08)  cathodes  measured  at 
various  temperatures  in  air. 


X 

ASR  (Q  cm 

2) 

600  °C 

650  °C 

700  °C 

750°C 

800  °C 

0.00 

0.181 

0.080 

0.038 

0.020 

0.009 

0.03 

0.159 

0.075 

0.035 

0.018 

0.008 

0.05 

0.115 

0.054 

0.028 

0.015 

0.008 

0.08 

0.093 

0.045 

0.024 

0.012 

0.007 

which  were  found  experimentally  [9,25,26]  to  result  in  the  low 
polarization  resistances  of  the  cathodes.  Distribution  of  the  oxy¬ 
gen  vacancies  also  influences  oxygen  surface  reactivity  and  ionic 
bulk  diffusion  (ionic  conduction)  of  the  perovskite-typed  cathodes 
[7-9].  In  the  A-site  cationic  ordered  LnBCO  perovskite  oxides,  oxy¬ 
gen  vacancies  are  preferably  located  in  the  Ln05  layer,  thus  the 
oxygen  diffusion  is  restricted  within  the  LnO^  plane  [4,6,7,11].  In 
the  case  of  PB^CO  oxides,  deficiency  of  Ba2+  ions  was  expected  to 
generate  oxygen  vacancies,  if  there  are  any,  preferably  on  the  BaO 
layers  due  to  break  of  the  Ba— O  bonds.  Thus,  the  anisotropic  ionic 
diffusion  on  the  Pr05  planes  of  the  PBCO  oxide  [11]  was  broken  and 
three-dimensional  oxygen  ionic  diffusion  with  shortened  ionic  dif¬ 
fusion  path  could  be  realized,  which  probably  also  contributed  to 
the  decreased  polarization  resistance  of  Ba-deficient  PBt_xCO  than 
the  parent  PBCO  oxide  [7,11]. 

The  ASRs  of  PB^CO  (x  =  0.00-0.08)  cathodes  are  listed  in  Table  2 
and  plotted  as  a  function  of  temperature  in  Fig.  6.  As  expected,  the 
ASR  decreases  significantly  with  higher  temperature  and  Ba  defi¬ 
ciency.  Among  the  samples,  the  PB0.92CO  oxide  with  Ba-deficiency 
x  =  0.08  showed  the  best  electrochemical  performance  with  ASR 
value  ranging  from  0.093  £2  cm2  at  600  °C  to  0.007  £2  cm2  at  800  °C 
in  air.  These  values  are  much  lower  than  the  reported  cationic- 
stoichiometric  PBCO-related  cathodes  [5,9,11,13,15,18-21]  and  are 
comparable,  if  not  higher,  with  those  of  other  perovskite  cathodes 
such  as  Bao.5Sr0.5Coo.8Fe0.203_(5  [32]  (0.172  £2  cm2  at  600°C  and 
0.042  ^  cm2  at  700  °C)  and  BaCoo.7Feo.3-yNby03_5  [3]  (0.13  £2  cm2 
at  600  °C  and  0.0082  £2  cm2  at  800  °C).  Even  the  sample  with  a 
small  Ba-deficiency  x  =  0.03,  PB0.97CO,  exhibited  a  low  ASR  value 
of  0.1 59  £2  cm2  at  600  °C.  These  results  demonstrated  the  potential 
applications  of  these  Ba-deficient  PBi_xCO  (x  =  0.03-0.08)  oxides  as 
cathode  materials  for  IT-SOFCs.  What  is  more,  the  activation  energy 
for  the  polarization  resistance  was  found  to  decrease  gradually  with 
the  increasing  Ba  deficiency  in  the  PB!  _xCO  oxides,  which  suggested 
that  introduction  of  the  Ba-deficiency  could  facilitate  the  electrode 
reaction  over  the  PBi_xCO  cathodes. 

To  get  further  knowledge  of  effects  of  Ba  deficiency  on  the  elec¬ 
trochemical  performance  of  PBCO,  the  impedance  spectra  were 


Fig.  6.  Temperature-dependence  of  ASR  for  PBi_xCO  (x  =  0.00-0.08)  cathodes  mea¬ 
sured  in  air.  The  corresponding  activation  energy  (£a)  is  given. 
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Fig.  7.  Experimental  and  fitting  results  of  impedance  spectra  for  the  PB0.95CO/GDC/PB0.95CO  symmetrical  cell  measured  at  various  temperatures  in  air.  The  adopted  equivalent 
circuit  models  are  presented  in  each  plot.  The  numbers  in  these  plots  correspond  to  logarithm  of  frequency. 


fitted  by  the  Zview  software  using  equivalent  circuit  models.  As  a 
typical  example,  the  impedance  spectra  of  PB0  95CO  (x  =  0.05)  mea¬ 
sured  at  various  temperatures  in  air  are  shown  in  Fig.  7  together 
with  the  adopted  equivalent  circuit  models  and  fitting  curves.  The 
corresponding  fitting  results  are  given  in  Table  3.  In  these  equiv¬ 
alent  circuit  models,  L0  is  inductance  originating  from  equipment 
and  connection  cables;  Ro  is  ohmic  resistance  mainly  arising  from 
the  GDC  electrolyte  and  lead  wires;  the  components,  (fthQPEh), 
(ftmQPEm)  and  (^QPEj),  in  series  represent  reaction  step  in  high- 
frequency  (HF),  medium-frequency  (MF)  and  low-frequency  (LF) 
range  respectively.  Three  depressed  arcs  at  high,  medium  and  low 
frequencies  were  identified  in  the  whole  temperature  range,  indi¬ 
cating  at  least  three  distinguishable  processes  taking  place  over 
the  electrode.  The  HF  (>1 03 Hz)  and  MF  ( 1 03 -1 0  Hz)  arcs  were  over¬ 
lapped  as  a  depressed  semi-circle  and  showed  a  significant  decrease 
with  increasing  temperature;  an  additional  LF  arc  (<102Hz)  was 
identified  at  the  temperatures  of  700  °C  and  above.  With  the  fit¬ 
ting  results  shown  in  Table  3,  the  characteristic  capacitance  (Q) 


and  angular  relaxation  frequency  C/j),  which  are  useful  parameters 
in  identifying  the  sub-steps  of  cathode  reaction,  were  calculated 
based  on  the  following  equations  [33]  and  also  listed  in  Table  3: 


(KjQi)1/ni 

Ri 


(i) 


fi  = 


(RiQjTff 

2  7Z 


(2) 


The  impedance  spectra  of  other  PBi_*CO  (x  =  0, 0.03, 0.08)  samples 
were  fitted  likewise.  The  obtained  resistances  of  Rhl  Rm  and  R\  asso¬ 
ciated  with  the  respective  HF,  MF  and  LF  process  for  the  PB^CO 
(x  =  0,  0.03,  0.05  and  0.08)  cathodes  were  plotted  as  a  function  of 
temperature  in  Fig.  8a,  b  and  c  respectively.  The  calculated  acti¬ 
vation  energy  (Ea)  associated  with  specific  process  was  also  listed. 
The  activation  energy  for  the  HF  arcs  (Fig.  8a)  ranges  from  1.24  eV 
to  1.38  eV  and  the  corresponding  relaxation  frequency  and  capac¬ 
itance  are  103-105Hz  and  10_5-10-3  Fern-2  respectively,  which 


Table  3 

The  fitting  parameters  for  the  impedance  spectra  (Fig.  7)  of  PB0.95CO/GDC/PB0.95CO  symmetric  cell  measured  at  various  temperatures  in  air. 


T(°C) 

600 

650 

700 

750 

800 

Lo(H) 

8.02  x  10-7 

1.02  x  10-6 

1.19  xl0“6 

1.167  x  lO”6 

1.13  x  lO”6 

Ro  (£2  cm2) 

2.62 

1.78 

1.31 

1.03 

0.86 

Arch 

Rh  (£2 cm2) 

4.72  x  10-2 

1.92xl0-2 

8.43  x  10-3 

3.82  xlO-3 

_ 

QPEh-Q(Fcm-2) 

9.21  x  10-3 

1.12  x  lO-2 

1.25  x  lO-2 

1.65  x  lO-2 

- 

QPEh-n 

0.57 

0.77 

0.89 

1.01 

- 

Ch  (Fern-2) 

2.72  x  10-5 

9.19  xlO”4 

3.84  xl0“3 

1.83x10-2 

- 

Fh  (Hz) 

1.24  x  105 

9.02  x  103 

4.92  x  103 

2.27  x  103 

- 

Arcm 

Rm  (£2 cm2) 

5.29xl0-2 

2.58xl0-2 

1.38x10-2 

7.07  x  lO”3 

5.42  x  lO”3 

QPEm-Q(Fcrn-2) 

3.36xl0-2 

3.57  x  lO”2 

3.32  x  lO”2 

4.06  x  lO”2 

2.92  x  lO”2 

QPEm-n 

0.86 

0.90 

0.92 

0.94 

0.92 

Cm  (Fern-2) 

1.20xl0-2 

1.61  x  lO”2 

1.67x10-2 

2.38  x  lO”2 

1.33x10-2 

Fm  (Hz) 

2.50  xlO2 

3.82  x  102 

6.88  x  102 

9.45  x  102 

2.20  x  103 

Arci 

R\  (£2  cm2) 

- 

3.31  x  10-3 

4.09  x  10“3 

3.49  x  10“3 

3.76  x  10-3 

QPErQ(Fcm-2) 

- 

16.55 

13.72 

12.77 

12.91 

QPErn 

- 

0.88 

0.84 

0.89 

0.86 

Q  (Fcirr2) 

- 

11.31 

7.78 

8.80 

7.85 

Fi  (Hz) 

- 

4.26 

5.00 

5.18 

5.39 
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Fig.  8.  Arrhenius  plots  and  activation  energies  (Ea)  of  the  resistances  (a)  Rh.  (b) 
Rm  and  (c)  R\  associated  with  the  respective  HF,  MF  and  LF  process  for  the 
PBi_xCO/GDC/PBi_xCO  (x  =  0,  0.03,  0.05  and  0.08)  symmetric  cell  measured  in  air. 

are  consistent  with  the  characteristics  associated  with  the  oxygen 
ion  diffusion  through  the  cathode  followed  by  a  charge  transfer 
at  the  electrode/electrolyte  interface  [15,34-36].  The  MF  arcs  are 
characterized  by  the  relaxation  frequency  of  102-103  Hz,  capaci¬ 
tance  of  6.2  x  10-3  to  2.5  x  10-2  Fern-2,  and  activation  energy  of 
0.95-1.13  eV  (Fig.  8b),  which  are  typical  values  for  the  electrode 
reaction  process  possibly  rate-determined  by  electronic  charge 
transfer  at  the  surface  of  the  electrode  involving  atomic  oxygen, 
according  to  the  reported  results  [1 5,23,37].  Especially  large  capac¬ 
itances,  6-13  F cm-2,  were  obtained  for  the  LF  arcs.  Such  large 
capacitance  values  are  unlikely  to  be  from  any  electrochemical 
process  and  are  generally  assigned  to  gas  phase  diffusion  pro¬ 
cess  through  the  porous  cathode  [15,35,38,39].  Adler  [2]  addressed 
origination  and  features  of  the  gas-phase  effect  on  the  impedance 
spectra  results  of  the  porous  SOFC  cathodes  in  a  review  of  “Factors 
Governing  Oxygen  Reduction  in  Solid  Oxide  Fuel  Cell  Cathodes”. 
He  proposed,  based  on  a  summary  of  many  reported  results  that 
the  resistance  from  the  gas-phase  diffusion  is  associated  with 
various  factors  such  as  diffusion  coefficient  of  oxygen  in  air, 


microstructures  and  thickness  of  the  cathode,  temperature  as  well 
as  oxygen  partial  pressure.  As  depicted  in  Fig.  8a  and  b,  increas¬ 
ing  Ba  deficiency  in  the  PB^CO  oxide  effectively  decreased  the 
polarization  resistances  Rh  and  Rm  resulting  from  the  HF  and  MF 
process  respectively.  The  associated  activation  energy  also  expe¬ 
rienced  a  gradual  decrease  with  higher  Ba  deficiency  except  for 
the  Rh  of  PB0.92CO.  In  contrast,  polarization  resistance  associated 
with  the  LF  process  (Fig.  8c)  showed  little  dependence  on  the  Ba 
deficiency.  Thus,  we  generally  concluded  that  introduction  of  Ba 
deficiency  to  the  double-layered  perovskite  oxide  PBCO  signifi¬ 
cantly  enhanced  the  electrode  reaction  process  (MF  process)  and 
the  process  of  oxygen  ion  bulk  diffusion  followed  by  a  charge  trans¬ 
fer  at  the  electrode/electrolyte  interface  (HF  process),  while  hardly 
influenced  the  low-frequency  gas  phase  diffusion  process. 

4.  Conclusions 

The  effect  of  A-site  Ba-deficiency  on  crystal  structure,  thermal 
expansion  behavior,  electrical  conductivity  and  electrochemical 
performance  of  double-layered  perovskite  oxides  PrBai_xCo205+(5 
(PBi_xCO,  x  =  0.00-0.08)  have  been  studied.  The  Ba-deficiency  con¬ 
centration  in  PBi_xCO  was  limited  up  to  x  =  0.08.  No  reaction 
between  PB^CO  and  GDC  electrolyte  was  found  at  1050  °C  in  air. 
A  slight  decrease  in  thermal  expansion  coefficient  was  obtained 
with  the  increasing  Ba  deficiency.  The  electrical  conductivity  of 
PB!_xCO  oxides  exhibits  an  initial  decrease  with  higher  Ba  defi¬ 
ciency  to  x  =  0.03  and  then  increases  gradually  to  a  maximum  at 
x  =  0.08,  which  suggests  a  change  in  dominant  charge  compensa¬ 
tion  mechanism.  Introduction  of  Ba  deficiency  was  found  to  greatly 
improve  electrochemical  performance  of  PB^CO,  characterized 
by  decreased  area  specific  resistances  (ASRs)  with  higher  Ba  defi¬ 
ciency.  These  experimental  results  have  demonstrated  that  the 
Ba-deficient  PBi_xCO  (x  =  0.03-0.08)  oxides  are  potential  cathode 
materials  for  IT-SOFCs. 
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